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HEATTRANSFERANDPRESSUREDISTR133UTION

NUMBEROF 6.8ONBODIESWITHCONIOAL

ANDEXTENSIVEFLOWSEPARATION

AT AMACH

ByJohnV. BeckerandPeter

An investigationofheattransferand
flaredbodiesunderlaminar,transitional,

F. KOryCiIISki

pressuredistributionon
andturbulentboundary-kyer

conditionswasconductedin”theLangleyM-inchhypersonictunneiat-a
Machnumberof6.8. Theresultsindicatedextensivezonesof separated
flowaheadoftheflareswhentheboundarylayerwaslaminsrat sepa-
ration.Therateofheattransferinthesezoneswasfoundtobe con-

. siderablylessthaninattachedlaminarflowexceptinregionswhere
transitionoccurredontheseparatedboundary.

Intheturbulentcasestheseparatedzonewassolocalizedasto
be undiscerniblein schlierenphotographs.Downstreamofflowreat&ch-
mentontheflare,theStsntonnwiberbasedonlocalconditions.was
foundtobe severaltimesgreaterforlargeflareanglesthanthevalues
existinginattachedflowonthebodyaheadoftheflare.

Theresultswe analyzedtodeterminetheadeqpacyofavailable
theoreticalmethodsforpredictingheattransferin caseswherethetransi-
tionpointandtheM.mitsoftheseparatedzoneareknown.

INTRODUCTION

Theflsredorflamedsurfacescontemplatedforcontrollingthedrag
or stabili~ofhypersonicaircraftpresenta seriousheatingproblem,
probablysecondinimportanceonlyto thatofthebodynoseamdwing
leadingedge.B&sicallly,theproblemismorecomplexthanthatofthe
leadingedgebecauseoftheoccurrenceof shock—boundary-layerinteraction

L withseparation.
I

A considerablebackgroundoftheoryandexperimenthasbeenbuiltupu forthelowersupersonicspeedrangewhichestablishesthegeneral
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chsracterofthisinteractionprocess.(Forexample,seerefs.1 to10.)
However,theheatin’ansferinthiscriticalareaislargelyunlmown.In
somecasesithasbeensurmisedthattheheat-transferratemaybe aggra-
vatedby separationwhileinothersithasbeenpostulatedthatthesepa-
ratedzonemighthavean insulatingeffect.Testswhichmightbe con-
struedto supporttheformerviewpoiritaredescribedinreference1.1,
inwhichtheeffectofa spikeprotfing aheadofa sphericalnosewas
to increasetheheattransferabovethelaminarlevelfoundinunseparated
flowwithoutthespike.Theseresultsarenotcompletelyconclusive,how-
ever,becauseofthepossibilitythatthespikemsyhavetriggeredtran-
sition.Furthermore,itisprobablethattheresultsobtainedonthe
bluffbodyattheendofthesep~atedzoneproducedby thespikeare
notsimihrtowhatwouldbe foundona cylindricalor conicalsurface.

Asidefromtheforegoingqpestionspertainingtotheseparatedzone,
theheattiansferinattachedflowona flareorflapcannotbe calcu-
latedtheoreticallyatpresentbecauseofinadequaciesin currenttheories
forpredictingboundary-layer-profilechangesthroughthephenomenafound
atthebody-flarejuncture.Thus,theneedforresearchinthissxeais
obvious.Theonlypreviousexperimentalworkknowntotheauthorscon-
sistsofflighttemperaturemeasurementsattwostationsona wingflap
underconditionsoffullyturbulent(andprobablyunseparated)flow
(ref.12). Forthesmallflapangleofthesetests(10°)theStanton
numberbasedonlocalconditionsontheflapappearedtobe approdmately
thesameas onthewingjustaheadoftheflap.

Thematerialpresentedinthepresentpaperisdrawnfroma current
programintheLangley11-inch~ersotictunnelat M . 6.8 whichuti-
lizesa @_picalogivecylinderwithvariousconicalflaredskLrts.The
Mose of~S fivestigationiSto estab~shtie@acter oftheinter-
actionandheat-transferphenomenaforconditionsoflmninar,transi-
tional,andturbulentboundarylayersaheadoftheflare.Thispaper
presentstheresultsofinitialexperimentswithmodelshaving10°and.
30°flares.

Thetestswereconductedby variousmembersoftheU.-inchhypersonic
tunnelstaffincludingMessrs.C.H.McLellan,MitchelH.Bertram,Davis
H. Crawford,andDavidE.Fett&man,Jr. Mr.Crawfordalsoassistedin
theanalysisoftheresultsby applyingthemthod ofStineandWanlass
to obtainthetheoreticallambarheattransferfortheogivalnose.

SYMBOLS

c

%

chordofflaxe

pressure-drag-coefficientincrementdueto flare,
Rressure-dragincrement
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specificheatat constantpressure

diameterof cylindricalpartofbody

overalllength

MachnuMber

pressure

ofmodel

theoreticalpressuieatreattachment

heattransferredperunitarea

radius

Reynoldsnuuiberbased

diameter,PovoqPo

Reynoldsnumberbased
length;Qo%Ll~o

Reynoldsnumberbased
to transitionpoint

onfree-stream

onfree-stream

on free-stream

3

point(twodimensional)

conditionsandbcdy

conditionsandmcdel

conditionsanddistance

Stantonnuuiberbasedonfree-streamconditions,
~

C-poPovo(l’r -

Stantonnumber

)Tw

basedonlocalconditions,

-

temperature

recoverytemperature

skintemperature

time
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v veloci@

x axialdistance

s distancealongsurfaceof

8 flaredeflectionangle

w viscosi~

P density-

Subscripts:

o free-streamcotition(or

z localcondition

1 stationimmediatelyahead
(fig.5)

2 stationin separated-flow
occurs(fig.5)

flare

—

NAcAm L56m2

zerotimeonfig.2 o&)

of separationpointon cylinder

regionwhere“plateau”pressure

3 stationonflareimmediatelydownstreamofassumedflowreat-
tachmentpoint(fig.5)

APPARATUSANDME!I!EODS

The experimentsweremadeintheLangleyU-inchhypersonictunnel
whichisdescribedinreference13. Thestorageheaterhasbeenreplaced
by an electricheaterandthetunnelnowhasinvarnozzleblocks(see
ref.14)whichhavelargelyeliminatedthetest-sectionMachnunibervari-
ationwithtimeduetowarpageofthenozzlethroat.AU.experiments
weremadeat0°angleofattackanda tunnelstagnationtemperatureof
about1,100°R. Tunnelstagnationpressmewasvariedfrom3.2to
42.9atmospheres.At thelowestpressuxe,3.2atmospheres,theMachnum-
berwas6.52anditggadusllyincreasedto 6.88atthehigherstagnation
pressures.

Ogive-cylindermcdelswith10~+ 30°flaredtailswereusedinthese
experiments.Thenosewasa VonKarmanminimum-dragshapeoffineness
ratio5 witha 10°half-angleconeatthetip. Themidbodywasa cylinder
5 diameterslong.Theflaredskirtswereabout2 diameterslong. OveraJJ-
lengthofthemodelswasabout18 inchesandthedismeterofthecylinder
was1.5inches.lRQure1 showsthemodelcoordinatesandthelocations
ofthe“pressureorifices.

GZZZZ=’
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Sepsratemodelswereusedforpressureand
Pressuremdels wereconventional,andpressure

5

temperaturemeasurements.
measuringandrecording

equipmentsimilartothatofreference15wasused.tie-initialtempe~a.
tie model(10°flare)wasspunfromInconelX. Itsskinthichess
variedfromabout0.030to 0.050inch. In computingheattransferthe
actuallocalslclmthiclmesseswereused. Thetemperaturemodelwith
30°flsrewasmachinedfrommildsteeltoa uniformskinthicknessof
0.030* 0.001inch.

l?hetemperaturemodelswereeqtippedwithchromel-alumelthermo-
couples.(no.36wire)affixedwithsilversoldertotheundersurface
oftheskin.Temperatureswererecordedon self-balancingrecording
potentiometers.A maximumoffourthermocoupleswereconnectedto each
recorder,andthethermocouplereadingswererecordedonceevery4 sec-
onds.Thelocationsofthethermocouplesareshownin figure1.

Sc~eren observationsweremadeoftheflowaboutbothpressure
andtemperaturemodels.Photographsoftheflowaboutthemodelwith
10°flareweremadewithan exposureofabout4 microseconds;theexpos-
ureusedforthemodelstith30°flarewasabout1/150second..

.
Themethodofdeterminingheat-transferrateswasasfollows.By

prelbinarystabilizationoftheelectrictunnel-airheater(passing
. airthroughtheheaterbutnotthroughthenozzle),itwaspossibleto

approximatea step-functiontypeofair-temperaturevariation-froman
initialtemperaturewithoutflowofabout535°R forthemqlelandtunnel
airtothetunnelstagnationtemperatureofabout1,100°R. tifigure2
is showna typicalskin-temperaturehistoryat a givenstation.The
slopeofthecurveat zerotimeisdeterminedby extrapolation,a small
correctiontothefirstfewdatapointsbeingnecessaryto accountfor
thefactthattheair-temperaturecurveisnota truestepfunction.

‘Thismethodhastwoimportantadvantages:(1)Heattransferis
determinedfortheisothermalsldn-temperaturecase,whichisthemost
basicandmosteasilyspecifiedcaseandtheonlycaseforwhichmany
currenttheoriesapply.(2)No skin-conductioncorrectionsarenecesssxy,
a factwhichgeatlyfacilitatesdatareduction.

Theaccuracyofthemethoddependsto a largeextentonthefrequenq
withwhichreliablethermocouplereadingsarerecordednearthebeginning
oftherun. Withtheeqdpmentused,onemeasurementevery4 seconds
appesxedto givean overallaccuracyadequatefortheseinitialexperi-
ments.An assessmentoftheaccuracycanbe obtainedby comparingmeasure-
mentsmadeontheogivalnosein seversltestruns(fig.5). Tworuns
madeatnearlythesameReynoldsnuniber(fig.5(c))canalsobe ccmmmred.

“ Themethodcanobviouslybe mademoreaccurate
shortertimeintervals.

.

by-iakingmeasurementsat
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Flow

DISCUSSION

Characteristics

At thelowertestReynoldsnumbersextensiveI_s.@nsrseparation
occurredaheadoftheflare,as illustratedinfigure3 forthe30°flare

.
at ~ . 1.8x 105. Forthiscasetheentirecylindricalportionofthe
bodyandnearly alloftheflarewere~sed intheseparatedflow.
Transitionto turbulentflowappearedto SW ontheouterboundaryof
theseparatedregionata considerabledistancedownstreamofthesepa-

rationpoint.At thehighesttestReynoldsnumber,RL= 8.3= 106

(
6)or RD = 0.69x 10 , transitions-cd aheadoftheseparationpoint

(at x/D+ 6.5),andwascompletedaheadofthebody-flarejuncture.The
flowforthisturbulentconditionispicturedontherightsideoffig-
ure3. No separationisvisibleinthispicture,althougha smallbub-
bleof separationpresumablyexistsattheflarejuncturesincethepres-
surerise,4/Pi “20, isf= greatert~’t~t est-ted for~b~ent
separation(@/pl= k, refs.7 to 10). Thecritical.dependenceofthese
separationcharacteristicsonwhethertheboundsxylayerwa-sbninaror
turbulentat separationis cotiistentwithpreviousfindingsat lower
Machnunibers(e.g.,ref.9).

Themanner4which theobservedlocatio~of sep~ation~d tr~i-
tionvariedwithtestReynoldsnumberisalsoqualitativelyconsistent
withpreviouswork.Also,followingpreviouswork,theflowregimewill.
be referredto as “laminar”intherangeofReynoldsnunibersforwhich
theboundarylayerovertheentireseparated-fl-~zoneiS1-u, “tr~-.
sitional”forReynoldsnumbersatwhichtransitionoccursonthe
separated-flowbou@ary,and“turbulent”forReynoldsn~ers atw~~
thetransitionpointisshad oftheseparationpoint.Figure4(a),for
the10°flare,showsthatthelsminsrregimeprevailedatthelowest
Reynoldsnumbers.As theReynoldsnumberwasincreasedtheseparation
pointat firstmovedupstream;thisiSaWent@ a c~acteristicof
purelylaminarseparations(ref.9). ThedashedMne in figureJ(a)
showsthistrendaspredictedby reference9 forlowersupersonicspeeds.
As transitionmovedforwardontotheseparatedzonethistrendreversed,
andfinally,withtransitionaheadof separation,theverysmallsepa-
rationdistancescharacteristicofturbulentflowprevailed.Thedata
pointsonthe“transitionpoint”curveoffigureJ(a)denotethelocation
~f thestartoftransition
andschlierenphotographs.

andwereobtainedfrombothheat-transferdata

coNFIDmIAL 1
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Simik resultswereobtainedforthe30°flare(fig.l(b))with

theprincipalexceptionthatfor RD greaterthan0.14x 106the
boundarylayerremainedlaminaronlyto aboutthe8.3Dbodystation
inthepresenceoftheMge destabilizingseparatedzone.At lower
Reynoldsnuniberstheflowregimemaybe laminar,as indicatedby the
initialforwardmovementoftheseparationpoint.However,because
heat-transferdatawerenotobtainedinthisrangeandbecausetheair-
streamdensi~wastoolowforreUableuseoftheschlierenphotographs,
theexistenceoflsmim flowwasnotconfirmed.At higherReynolds
numbersthelocationofthestsrtoftransitionontheboundsry(deter-
minedfromschlierenpictures)remainedapprqdmatelyfixedwith
increasingtestReynoldsnuniberuntiltheseparationpointhadmoved
downstreamoflimmsition.Similarresultsfora two-dimensionaltransi-
tionalcasesredescribedinreference9 for M . 2 to 4.

It shouldbenotedthatthetechniqueusedto locatetransitionon
theouterboundsryofthesepsratedfluw(byinspectionofa considerable
nuniberof schlierenphotographs)becameincreasinglyunreliableasthe
Reynoldsnumber(denSi&)wasreduced.Itisprobable,however,that
themeanlocationsshowninfigurel(b)arecorrecttowithin1 diameter.
Wheretransitionwaswellaheadof separation,thestartoftransition
couldbe detectedaccuratelyfromthetemperaturemeaswementabecause
inthiscasetherewasnopossibil.i~of confusingtransitionandsepa-
rationeffects.

Itwasnoticedthattheextentoftheseparatedregionfluctuated
rapidlywhenthetransitionlocationontheseparatedboundarywasin
thevicinityoftheseparationpoint.Thesefluctuationsof course
resultedin correspondinglargeandrapidvariationsinthepressures
ontheflsredsurface.Thisappsrentcouplingbetweenthefluctuations
ofthetransitionpointandtheextentoftheseparatedregionprovides
an obviousreasonforthelowertransitionReynoldsnumbersexistingin
thepresenceofextensiveseparation.Forthemodelwith30°flare,for

exan@e,thetransitionReynoldsnumberR% variedfromabout1.2x 106

inthepresenceofthelongestseparatedzoneto about4.7x 106when
thetransitionandseparationpointscoincided.(Seefig.l(b).) tithe
absenceof sepsxation,transitionReynoldsnuuibersvaryingbetween

4.5x 106and5.1x 106wereobserved,valuesinthesamerangeas
previouslyfoundinthiswind-tunnelona cyl.indricalbody(ref.16).

HeatTransfer

Methodofpresentation.-TheStantonnuniberbasedonfree-stream
conditionsisusedinpresentin&theresults(fig.5)becauseit

“ k;%
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indicatesdirectlythelargevariationsinlocalh&at-transfer.rate
occurringalongthelengthofthebody. Fortheregionsoflsminarflow
overtheforwardpartofthebdiy,dataobtainedatdifferenttestpres-
surescanbe correlatedthroughuseoftheparsmeterSW whichis
usedinfigure5. b regionsofturbulentflow,of course,a different
valueofthisparameterexistsforeachtestReynoldsnumber.In
reducingtheexperimentaldatato valuesof St~ a laminarrecovery

.

,,

factorofO.& basedonfree-streamconditionswasusedforallpoints,
exceptthoseontheflareitselfforcasesinwhichitwasknownthat
theflsreboundarylayerwasfullyturbulent.b thesecasesa recovery
factorof0.90wasused,a valueappropriateforturbulentflowunder
theexistingtunnelconditions.

Becauseofthecontrollingeffectoflocalpressureonthelocal
heat-transferrate,a plotofthepressuredistributionalongthebody
isinclud&ibeloweachoftheheat-transferdiagramsinorderto aidin
theinterpretationoftheresults.Thetheoreticalpressuredistri-
butionontheogiveandcylinderwascalculatedby themethodof char-
acteristicsandwasusedwiththemethodofStineandWanlass(ref.14)
to obtainthetheoreticalvaluesofthelaminszheat-transfercoeffi-
cients.Press,yresontheflarewereestimatedby wedgeandconetheory. .
WhenU.ttleorno apparentseparationwasevident,theflowapproximated
inviscidflow,andthetwo-dimensionalpressureattheflare-bodyjunc-
turedesignatedas “p%- wedge”andthethree-dim%sional“cone”pressure. -

(seefig.5(a))were‘&lculatedby startingwiththetheoreticalpressure

( )
onthecylinder~cyl wastakenas -0.005. Whenseparationwaspres-

ent,thetheoretic~pressureatreattachmentp’2 wascalculatedby

startingwiththeexperimental.pressureintheseparatedregion,P2,
andthedeflectionanglewastakenastheflareangleminusthemeasured
separationwedge.Themeasuredseparationanglesusedwere3°forthe
modelwith10°flareand7°forthemodelwith30°flare.Intheheat-
transfercalculationthewedgepressureswereusedandwereassmedto
applyovertheentireflarechord.

IkusingthemethodofVanDriest(ref.17)to calculatethetheo-
reticall.aminarflat-plateheat-transfercoefficientsforthecylinder
andthefke, itisnecesssryto’accountforthedifferencebetween
thereferencestatictemperatureof392°R usedbyVanDriestandthe
statictemperatureinthetunnel,whichinthecaseofthen-inchhypers-
onic tunnelisabout110°R. Foran insuhtedflatplatethecorrection
factoris1.22,andthisfactorwasappliedtothetheoreticalvalues
withtheassumptionthatitremainsconstantovertherangeofwall-
temperatureto static-temperatureratioscoveredinthisinvestigation.
Fortheturbulentcasethemethodsofreference18wereapplied.

.

.

—. —..



H
NACA

. ata
body.

RM L@22 ~V> 9

Laminarcase,10°flare.-Figure5(a)presentstheresultsobtained
lowReynoldsnumberforwhichtheflowwaslsminarovertheentire
Onthecylindricalpartofthebodythecompressiblelaminsx

theory(ref.17)wasusedwithanassumedsi%rtingpointat x/D= 1.75,
whichresultedinagreementwiththenosecalculationsatthenose-
cylinderjuncture.Reasonableagreementbetweenboththeheat-transfer
andpressuredataandthetheoreticalestimatesis shownup to thesepa-
rationpoint.

Inthesepwatedregionit is showninfigure~(a)thattheheat-
transferratedecreasestoroughlyx percentofthelevelth&kwould
existinunseparatedflow(solidline).Thisdecreaseoccursin spite
oftheincreaseinpressurecausedby thepresenceof separation;the
dashedlinelabeled“laminar- p2°istheapproximateheat-transferlevel
thatwouldbe expectedforunseparatedflowonthecylinderatthepres-
s~e P20 Whetherthisdecreaseisdueto a reductioninrecoveryfactor
ora reductioninlocalheat-transfercoefficient(ormoreprobablya
reductioninbothfactors)isnotknown,sincelocalrecoveryfactor
wasnotmeasured.Itis clear,however,thatthispurelylaminarsepa-
rationresultsina markeddecreaseinheat-transferrate.

No satisfactorytheoreticalmethodwasfoundforestimatingtheheat-
transferrateontheflare.Theflowinthevicinityoftheflmre-
cylinderjuncturepresentsan extremelycomplexproblembecausethe
veloci~profileis subjectto largedistortionsfromtheoccurrenceof
shockinteraction,separation,mixing,andreattachment.Forlargeratios
offlarelengthtobodylengthandforlargeflaredeflections,itmight
be expectedthatthebodyboundary-layereffectswouldbe secondary.
Thusitwasassumedthattheflareboundsrylayerstartedatthepointof
reattachment,asa basisforroughestinwtesoftheflareheat-transfer
levelsforfigure5. Intheparticularseparatedcaseconsideredin
figure5(a)thepressuresontheflarewereinitiallynmchbelowthe
theoreticalvaluesforinviscidflowbecauseofthemannerinwhichthe
boundarylayerbridgedthejuncture.Thisaccountsforthefactthat
theheat-transferlevelisfarlessthanestimatedforthetheoretical
(inviscid)pressureatreattachment.Nearthetrailingedgebetter
agreementisevidentforbothpressureandheattransfer.

.

Turbulentcase,10*flare.-Resultsfora hightestReynoldsnumber
inwhichtransitionwasessentiallycompletedshed ofthejunctureare
showninf@ure 5(b). k calculatingthetheoreticalturbilentheat
transferonthecylinderforthiscasetheusualassumptionwasmade
thatthemomentumintheboundarylayerwasconstantacrosstransition.
Ontheflare,theturbulentboundarylayerwasassumedto startatthe
juncture,andflat-platevaluesforthetheoreticalflowconditionsjust
aftofthejuncturewereobtainedfromreference18.

.
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Apparently,undertheconditionsoffigure5(b)transitionrequired
about3 bodydiametersofdistancebefore“fullydeveloped”turbulent
flowwasestablished.Becauseoftheactionoftherelativelythick
boundarylayerthepressurestartedto risejustaheadoftheflue and
atthemidchordwascloserto thewedgepressurethantheconepressure.
As inthelaminercase,theheat-transferresultsreflectthecharac-
teristicsoftheexperimentalpressurediagram.Therewasno etidence
ofa “hotspot’tinthe”flare-bodyjuncture.

Turbulentcase,30°flare.-Theseresults(fig.5(c))aresimilar
to thosefortheturbulentcaseforthe10°flare(fig.5(b))withthe
exceptionthatboththepressuresandtheheat-transferratesachieve
peakvaluesontheflaresomewhatinexcessoftheestimatesobtained
theoreticallyby usingthewedgepressures.Itisthoughtthatthe
boundarylayer,includingtheprobablepresenceofa small.bubbleof
separation,bridgesthejuncturein sucha wayasto causea continuous
pressurerisewhichmakespossiblea higherpressurepeakthanthatof
thesinglestrongshockvis.yalizedintheinviscidtheory.

Transitionalcase,30°flare.-Figure5(d)presentstheresults
obtainedata lowReynoldsnuuiberinwhich~ensive separationwaspres-
ent. As mentionedpreviously,thiscaseinvolvedlaminarseparation
followedby transitionstartingabout1.7diametersaheadoftheflare.
Itwillfirstbe notedthatthepressuresintheseparatedflowonthe
flsreareetiremelylow. Thepressurerisesonapproachingthereattach-
mentpoint,anditwasassumedthatthetheoreticalwedgepressurelevel
wasattainedalthoughthelackofpressureorificesinthisareamakes
itimpossibleto confirmthisassumption.Estimatesofheat-transfer
rateagreesurprisinglywellwiththetestresultsinviewofthearbi-
traryassumptionsinvolved.

Perhapsthemostsignificantresultforthistransitionalcaseis
therapidincreaseinheattransferwhichstartsto occurwithinthe
regionof separa~dflownearthelocationoftransitionontheouter
boundary. Inthepretiousl.yillustratedcaseofpurelaminarseparation
(fig.5(a)),therewasno suchriseabovetheestimtedheat-transfer
levelforattachedlaminarflow:Thereisthusa markeddifferencein
theheat-transfercharacteristicsof separated-flowzones,dependingon
whethertransitionoccurs..Thisresultsuggeststhespeculationthat
theadverseeffectof separationonheattransferto a sphericalnose
whichwasobservedby StaiderandNeilsen(ref.U.)mayhavebeendueto
theoccurrenceoftransition.

Localheat-transfercoefficientsonflare.-Inareasontheflare
wheretheflowis separatedortransitionalorboth,it isevidentfrom
figures5(a)and(d)-thatthepressureaswellasI&eheattransferis
subjecttolargeandquantitativelyunpredictablevariations.h the
simplerturbulentcases(e.g.,thoseoffigs.5(b)~ (c))or~

,~

—
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separatedcases

u-

whereonlythepsrtoftheflaredownstreamofreattach-
. mentis consideredandwheretheflowisknowntobe eitherlaminaror

turbulent,thereis somehopethata methodofpredictionoflocalheat
transfercanbedeveloped.As pointedoutpreviously,however,evenin
thesesimplercasestheoreticaldeterminationofthedistortionsofthe
veloci~profileintheflowatthejuncturepresentsa complexunsolved
problem.Inthesesimplercasesthelocalpressureandotherconditions
outsidetheboundarylayerarepredictable,to a firstorderofapproxi-
mationat least,whentheseparationandreattachmentpointssxeknown,
buttheboundary-layerparametersgoverningthelocalheat-transfer
coefficientarenotcalculable.

Previousinvestigatorshaveusedthefollowingwidelydifferent
arbitr~.assumptiorminattemptsto estimateapproximatelythelocal
heat-transfercoefficientonflsredorflappedsurfaces:

(I)Stz assumedconstantacrossthejuncture

(2)Momentumoftheboundarylayerassumedconstantacrossthe
juncture;no changeinvelocityprofileshape

(3)Mmnti thicbessoftheboundary@er assumedconstantacross
thejuncture;no changeinveloci~profileshape.

Assumption(1)is shown~ thepresentresultstobe completelyinvalid
exceptforverysmallflareangles.Figure6 indicatesthatthepeak
Stantonnumberbasedonlocal(wedge)conditionsontheflareis3.5times
theunreflectedvalueforthe30°flareand1.2timestheunreflected
valueforthe10°flare.Theapplicationofassumptions(2)and(3)
forthe30°flareproducedthetwodashedcurvesshowninfigure6. The
assumption(2)of constantmom%tumacrossthejuncturenaturallyresults
ina thinnerboundarylayerandhigherheattransferthantheassump-
tion(3)of constantmomentumthickness.Thefactthattheexperimental
pointsfellabovecase(2)suggestedtheapproximationusedinthis

. paper(fig.5)inwhititheboundarylayerfromtheforebodyisneg-
lectedanditisassumedthattheflareboundsrylayerstartsatthe
juncture.Thislattermethodof courseresultsininfiniteheat--sfer
coefficientatthejuncture,butifthefirst10percentoftheflare
chordisneglected,itproducessomewhatbetteragreementthantheother
arbitrarymethods.obviously,thismethodshoadpro~de ~cr~s~@Y
accuratepredictionsastheratioofflarechordtobodylengthincreases,
andastheflareangleincreases.Forsmallflareangles,however,the
assumptionthatthebodyboundarylayercanbe neglectedbecbmesincreas-
inglyu+tenable,obviouslybeingcompletelyinvalidat bf = O. ItiS

. quiteevidentthatfurtherexperimental&l analyticalworkonthisprob-
lemisnecessary.

..-. .._— _..:. —— — —. ——— ———
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FlareDrag
.

Thevariationofe~nt of separationwithReynoldsntier obviously
affectsthesmountofpressuredragproducedby theflare.Thelarge
etude of~s effectiSshowntifigure7,wherethedataforboth
configurationssrebasedonthesameaxialflarelengths(Ax/D= 2).
Theabruptincreaseindragforthe309flareata Reynoldsnumberof

about 0.15x 106 apparentlyoccurswhenthereattachmentpointstarts
tomoveforwardfromtherearedgeoftheflare.Inthecaseofthe
10°flare,withintheaccuracyofthedata,thedragappearedto increase
continuouslyaftertheseparationpointhadstsrtedtomoverearwsrd
(cf.figs.4and 7).

Theuseof simpleintiscidtheorytopredictflaredragisobviously
unjustifiableinthepresenceofextensiveseparation.Itwillbe
noticed,hgwever,thatatthehigherReynoldsnumbers,whereno signifi.
cantseparationoccurred,theexperimentaldatafellbetweenthetheo-
reticallevelscalculatedby usingintiscidwedgeandconepressure
coefficientsfortheflares.Theexperimentaldatawerein closeragree-
mentwiththewedgepressurelevels.

RelationBetweenFlareDragandFlareHeating

Theresultspreviouslydiscussedin&katedmajorchangesinboth
flaredragandflareheattransferwiththeextentandcharacterof
sepsratedflow. Iftheobjectiveoftheflareistoproducedrag,itis
ofinterestto inquirewhatconditionoftheseparatedzonewillresult
inmaximumvaluesoftheratioofflaredragto averageflareheattrans-
fer. WiththemesnStantonnumiberbasedon streamconditions~, itis
desirablethat ~~~ be a ~nmm. Forunseparatedflowthisparameter
wouldtheoreticallyincreasewithflareangle,andfora givenflareangle
itwould,of course,be theoreticallymuchlargertithlaminarthan
withturbulentheattransfer.Sinceextensiveseparationandlowdrag
existintheactuallaminarcase,however,itremainsforexperimentto
determinewhetherthiscasehasanyrealadvantage.

Infigure82thecalculatedv&es of ~~= forbotha laminar
(lowReynoldsnumber)and‘aturbulent(highRe~oldsnumber)condition
arepresented.Two-dimensionalflowwasassumedin calculatinglocal
conditions. ThemeanStantonntierscorrespondto local.Reynoldsnum-
bersatthemidchordlineoftheflare(x/D. U) withtheboundarylayer
startingfromthebody-flarejuncture.As fortheexperimentalresults,
themeanStantonnuderwasobtainedfromintegrationofthelocalStanton
numbersontheflare,assuminga flareaxiallengthof A@ . 2;the
correspondingvaluesofpressuredragwereobtainedfromthefaired

.p!E!?Eq

—
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curvesoffigure
valuesof G@E
in fullylaminar

13

7. It isseenthatforthe10°flaretheexperimental
wereinagreementwiththetheoreticalestimatesboth
flowatthelowerReynoldsnumbersandintheturbulent

flowatthehighertestReynoldsnunibers.Inthiscasethezoneof sepa-
rationcoveredonlytheforward20percentoftheflarechordatthe
lowestReynoldsnumber(fig.5(a)).

Forthe30°flarewithlami.narseparation,nearlytheentirechord
wassubmergedin separatedflowatthelowerReynoldsnunbers,andthe
highratioofdragtoheattransfercalculatedforlaminsxflowwasnot
realized.Infact,by a considerablemarginthehighestratioofdrag
toheatingisachievedwithturbulentflow.Theverylowvaluesof
%/= obtainedforthe30°flareatthelowestReynoldsnunibersarea
consequenceofthelowdragresultingfromextensivelaminarseparation
andthehighheattransferexistinginthetransitionalflowoverthe
flaxe.Iftheflowhadremainedlaminarontheseparatedboundarya
morefavorablevalueof C-#% wouldhavebeenobtainedatthelower
Reynoldsnunib’ersbecauseofreducedheattransfer,whilethedragpre-
sumablywouldnothavebeenmuchaffectedinthiscase. calculations
forthisfullylaminarseparated-flowcaseindicate,however,l+atthe
valueof CDl~ wouldstillbe onlyaboutone-halfthevalueforthe
turbulentorhighReynoldsnuniber.Itisthusclesrthatforthishigh-
flsre-angleconfigurationit isadvantageoustopreventlsminarsepa- “
ration,evenifthisisaccomplishedby trippingtheboundarylayerto
produceturbulentflow.

Thebasicreasonforthesuperiori~oftheturbulentcaseliesin
thefactthatonlya smallfractionofthedragenergyofa 30°flare
appearsasflareheating.It,isthereforebeneficialto achievethe
highattached-flowdragevenifthisinvolvesa changefroml.sminarto
turbulentheat-trmsferlevelontheflare.

It shouldbe madeclearin conclusionthattheturbulent-flowcase
willproducemorefavorablevaluesof ~1~ onlyforconfigurations
wherethedragsuffersa majordecreaseduetolaminarseparation,that
is,onlywherea majorpartoftheflareareaisimmersedinthesepa-
ratedzoneinthelaminarcase.

CONCLUDINGREMARKS

.
Theflow-sepsrationphenomenaobservedat M . 6.8 onbodiesof

revolutionwithconicalflaredsldrtsweresimilarin charactertopre-
viouslyobservedseparatedflowsonflatplateswithflapsorwedges
investigatedat lower~ch nuuibers.h particular,largezonesof

— . . .-.-——. .———— —
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separationexistedaheadoftheflareinthecaseoflaminarflow,while
intheturbulentcasetheseparatedregionwastooshorttobe visible
in schlierenpictures.Theflarepressuredistributionsanddragwere
accordinglymuchcloserto thetheoreticalinviscid-flowvaluesinthe
turbulentcase. ~

Thepresenceof separatedflowappearedto causea reductionin
transitionReynoldsnuniberinallcases.Forthemostextensivesepa-
ratedzone(flareangleof30°)thelaminarboundarylayerpersisted
alongtheouterboundaryoftheseparatedflowto a Reynoldsnumberof
about1.2x 106atwhichtransitionappearedto start.As thesepa-
ratedzonediminishedinlengthwithincreasingReynoldsnumbe~,thetran-
sitionReynoldsnumbersincreasedto a-msximumofabout5 x 106inthe
absenqeof separation.b thetransitionalcasestheflowbecameincreas-
inglyunsteadyasthetransitionandseparationpointsdrewcloser
togetherwithincreasingReynoldsnuniber.

Heat-transfermeasurementsina caseinwhichtheflowwaslaminar
overtheentiremodelindicatedthattherateofheattransferinthe
sep=atedzonewasroughlyhalfthatforattachedflow.However,when
transitionoccurredontheouterboundaryoftheseparatedzonetheheat
transferto thesurfacefncreasedrapidlywithdistancedownstreamfrom
thetransitionpoint.Therewasno evidenceofa hotspotinthejunc-
tureforthecaseofturbulentseparation.Ontheflarethemeasured
Stantonnunibersbasedonlocalconditionsweremuchlargerthanforthe
unreflectedcase-for example,aboutthreetimesas greatfora
30°flareinturbulentflow.

Inabsenceof separationtheheat-transferratesoverthebody
aheadoftheflarecouldbepredictedtheoreticallywithsatisfactory
accuracywhenthetransitionlocationwaslmown,exceptinthetransition
region.No adeqyatetheoreticalmethodisavailabletopredictthe
localheat-transfercoefficientsontheflare.A crudeapproximation
suggestedby theexperimentalresults,however,canbe usedforlarge
flareanglesto establishtheorderofthelocal.heat-transfercoeffi-
cients.Inthis’approxhnationtheassumptionthattheflareboundary
layerstartedatthepointofflowreattachmentproducedlocalStanton
nunibersoftherightorderoverabout90percentoftheflarechord
downstreamofthereattachmentpoint.Obviously,thisa~roximationis
notvalidforsmallflaredeflectionsandfurtherana&ticalworkonthis
problemisneeded.

.
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Forflxmeanglesoftheorderof30°itwasfoundthatfora given.
dragincrementlessheatwastransferredtotheflareinturbulent-flow
casesthaninthecasesinvolvinglaminarseparation.Thisresultwas
a consequenceofthemch higherdragcoefficientachievedinthe
(attached-flow)turbulentcases,whichmorethanoffsetsthehigher
heat-transfercoefficientsinturbulentflow. Itistobe expected
thatthisresultholdsonlyforthelaminarcasesinwhicha majorpart
oftheflsrechordis immersedinthesepsratedzone.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,June4, 1956.
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